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) SUMMARY
h

e reliability of a wind energy system depends on the size of the propeller and rhe
size of the back-up energy storage. Design of the optinun system for a given reliability
level can be performed if a time series of wind speed data is availuble. However. a design
hased on conventional meteorological records. which sample the wind speed with a ten
minute averaging tivte at three-hourly intervals. will over-estimate the storage by a factor
of approximately 2. and if the wind speed is only available on a daily basis the storage will
be over-estimated by a fuctor of 2:5 1o 4-0. This is because a propeller can respond to
wind speed changes in much less than ten mimates and also because three-howrly sampling
daes not often pick up the brief high-speed incidents which generate u significunt part of
the wind energy. A nomogran is prt'.w'nl(’(/. based on some continuons wind .\/)('('1/ measure-
ments, which enables storages calculated from three-hourly or daily data 10 be appropriately
reduced because of these two effects.
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L INTRODUCTION

The world shortage of fossil tuels and the consequent rise of interest m alternative methods
of energy production have not touched Australia very deeply. since the known coal reserves
should be adequate for its small population for some time 10 come. Nevertheless, the Australan
Senate Standing Committee on National Resourcest did conclude that “wind power Jdoes have
a viable role for small seale applications in isolated locations where wind 1~ a reliable eners
source™. A particular example of such a small-scale application has been sugyested by Herrera
et al = This 15 the power supply for minor marine navigational aids mousted an buovs, Wind
energy may abso have a plice in power supphes for buoys used 1o histen oy the presence of sub-
marines, and remaote communications systems along southern parts o Australia’s coasthne
which are often clouded over but which are subject 1o frequent gales

The design of a wind power system to supphy a given Toad demands a trade-ofl between the
size of the wind generator and the size of the back-up encrpy storage. A generator that s brgper
than necessiry can supply the load at lower wind speeds. and soa reduction i the size (ind cost
of the back-up energy storage is possible. In order 1o find the most cconomival ssstem and to
design the system for given rehiability it is necessany 1o know the durations of fulls in the wind
and the duration and frequency of the gusts. This information is very variable between diflerent
geographic regions.

The conventional meteorological data asailable i various countries is tairly sinnlar. and

a proposed standard is given by the WMO In Australia for example. the netwark consists of

a small number of meteorological stations where the masimum wind gust cach day and 1he
10-minute aserage wind speed at three-hourly intervals is recorded. There is also a much Larger
network where the T0-minute average wind speed is recorded at 9 am. and 3 pan cach day.
[t witl be demonstrated below thae this set of data is of Hsell inadequate Tor the design of i wind
power system because both the averaging period and the sampling interval are oo great. How-
ever. it does include the necessary irformation for o climatic deseription of the winds at a piven
place. It is proposed here that one or two more detailed sets of wind speed data should be used
to determine how the caleutated storage requirement of a system varies with the averaging tme
and frequency of sampling of the wind speed. This micro-metearological variation may be
function of the roughness and topography of the surrounding terrain, but otherwise is Ithely 1o
be constant over Targe climatic regions. 1t could therefore be used 1o seale the storage require-
ments that woukld be caleulated from the conventional meteorological recoid. avatable at any
place.

Thomson® has recorded wind speed measurements at an anemometer mounted o g butlding
at the ARL site during 1971 and carly 19720 The wind speed was measured cach second. with o
miniature cup anemonieter mounted 14 m above ground level, These measurements will be
used to estimate for the Melbourne regton how wind energy storage requirements vy with the
frequency of data samphng

2. THE WIND POWER FORMU LA
Inaowaind with veloats b othe mass of e which flows through o umit area s
\f ol AR
where pois the an density This e has a hinetic energy per amit time
A R ¥ A N I [

Notall of this energy s recoserables because the e downstream of the propeller must have o
fimte veloaty forat to continue moving asay from the propeller Hetz (see Wailson cr 0/ 5 has
shown that the mavimum power that can be delivered by an deal waind machime o unit area s
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although even the best real machines attin little more than halt the cthoreney o this adeal
machine. Because the power recovered is proportional to b several conseguences follow

() A large part of the encrgy s involved in relatively few occastons whien the wind speed
isvery highs However, the stronger occasional storms may be soscattered that it becomes
uncconomic o store energy to carey over the full tme mtersal between: Tepuny be mare
ceonamic to design a system which can provide the necessary capacity at o lower speed
and allow energy to go to waste during the larger storms, T fact i peopeller s designed
o operate at a moderate veloctty it may be preterable to feather the propelier durng
the storms rather than destign it to withstand the large actodynamic forces (which
merease as b caused by operating during the storm,

(M) The pertods of high wind velocity which are tmportant for wind power sencration are
usually firly brief. A three-hour samphing mterval may be <o Tong that on mam
occastons the briel high-speed storms will not be sampled. Irecords of suthcient fength
are avalable then a true histogram of 10-munute average wind speeds atany given time
ol diy will be obtamed, but the necessary record lengths nuny be quite excessive

(¢} Tt is important that an appropridte averagmg tine be chosen when measurements of wind
speed are made. For anintersal during which the vedoaity vares, the mean of the cube
of the veloaity s tar greater than the cube of the mean velocity . The approprate averag-
g tme depends on the response characteristios of the wind machime. but at can be
quite smadt Small size generators may operate at varable speed o that the response
tme s governed by the mertia of the propeller which controls how fast the propetier
may speed up or slow down i response to awind speed change. Targer wind machimes
gencraliy operate at synchronous speed and vse varable pich propetlers 1o optimine
the power recovered tfrom the wind. Tn this case the response time s poverned by both
the rate of change of piteh of the propeller. and the rate of butld up of B yesponse to
pitch and wind speed changes. The Tt build-up s poverned byothie Waener and
Kucessner tunctions and is practically complete when about tnve chiord lenyths of the pro-
pelier crossasection have lowed past. With o chord of 2 mand awind speed o Thm st
suggests @ response time ot one second  The response ot o hvdraulic actiator changing
the pitch would be ot the order of 10 milliseconds so it e the B buld-up which goveros
this cases The smadler vanablesspeed machme min e o shirhtdy longer ttime ot
response, but because the machine s smaller the response nme will not be very much
greater. A onessecond value theretore seems to be w sutable thoueh shehidy consernvatine
tigure (o chouse tor the velocty averaging i
() Many practical wind machines swill not operate below sonie starting veloaty wound
S knots, Afthough the wind speed s below 3 ko for quite considerable peviods of tme.
not much energy s mvolved at these Tow speeds. o starime selocmies up to around
Sho have very fide effect on the power aivadable

3 THE STORAGE PROBLEM

The problem of estimating the encrgy storagre necded when o tluctuanine cocrgs mput s
requited to sapply a speaiied encerey demand s precisely analopous tothie problem of cadeulanny
the reservour capaoiy aequire bwhen o fluctuatmy tiver low s required 1o meet 4 enven wated
demand. The method of analysis adopted here for the encrey problem s the same s the mass
curse” method used toc the reservois problem Preure Tosa craph of oy mimote vernare wind
speed with time, usiy Thomson'st ART data Usmye thie one second anverare salies the power

entering a4 one square mictre area wind machime was calcalated usine Fgoaven ¢ Sand vraphed

i Figure 2 The very spiky intermittent nature o aowaind power supphoos cleanhv visble Preare 3
is the tme integral of the vraphoan brgure 2 Fhis curve s the analoete of the “mass e’ o
mer low, and represents the total encrey venerated trom time s Uoupy tooam onen fime

The paps mothe cunve represent gaps i the dataand dunmy soch vapsa sate of pewern veneration

Fhor somphay o constant encrey o base Toad sequiement i assumad




somewhat less than the average power generation rate has been assumed. The way in which the
mass curve is used to estimate the reguired storage volume is as follows:

Consider one of the “high points™ of the mass curve such as P or Q in Figure 4. Assume
that at this point the storage is full. From the high point considered lay ofl a sloping tungent
with a slope equal to the demand rate on the system. At any later point ¢, the distance. .
represents the amount by which the demand has exceeded the supply during the tme interval
from the point P or Q up to time ¢". In other words it is the aumount by which the storuge
has been depleted. The maximum of all the possible intervals, s is the storage capacity that
is required in the system.

The mass curve procedure may be used simply to determine the maximum storage needed
over a particular time. However, in some circumstances, it may be more useful to consider a
moditied procedure. For example a small system may need a very large storage to ensure that
power is always available. but it may be acceptable to have a smaller (and cheaper) storage that
will sometimes be unable to supply the energy demand for short periods. In this context we will
introduce the concept of the reliability of the total system which we here define as the fraction
of time for which a power system will be able to supply its design load. ¥ Thke parameters aflecting
the reliability of a wind energy system will be the size of the propeller. the acrodynamic. mechanicul
and clectrical efficiencies of the equipment. the size of the energy storage and the design load.
The numker of variables may be reduced by considering a propeller of unit area and equipment
of 100, efliciency. (The method of dealing with non-ideal equipment is indicated by an example
in the Appendix.) For a given wind record the average power P generated will ke used as a
scaling parameter. To obviate seasonal variations P, will be taken as the annual average power
generation rate, which for Thomson's? ARL data is 71 W m2 When records covering several
years are involved there is a considerable variation from year to year in the average power and
in such cases P, will be defined as the median value of the annual average power generation rate.
The demand (or design load). D. of a wind energy system will ke expressed as a fraction of P,
and the storage capacity, ¢. of the system will ke expressed in days for which the design load
can be supplied. Consider three systems with demands, D. of Py 0-7 Py and 0-5 Py respectively.
and storages of 100 days for each system. (In terms of actual energy stored the three storages
will be 100*24*3600%(P,. 0-7 P,. 0-5 Py) Joules respectively.) For each such system with u
fixed demand rate and a lixed storage capacity, a simulation of the state of charge of the storage
at successive instants is carried out. If the power production at time £ is (7). the amount of energy
taken from the storage during a time intervale. Aot

As D Pun M

The symbol 5 denotes the amount of storage which has been called upon at time 7 In the
simulations reported here it is assumed that the cnergy storage is initially full so that s 0.
Increments in s are added to the initial state provided that s does not exceed the storage capacity,
¢. of the system and provided that s can never be negative (i.e. the storage can never be more than
fully. If the storage becomes empty (s ¢} the total time for which it remains empty is recorded
to be used in the calculation of reliability (or fraction of time for which the storage is not
empty).

Figure Sa shows, for the several different possible demand rates. the sariation of storage
called upon. s. with time. The various demand rates for the curves shown have been labelled as
Pi. 0-7 P, and 0-5 P,. The storage called upon is expressed as a fraction of 106 days™ storage
for the respective demand rate, ie. as a fraction of the accumulated energy consumption over
100 days.

When three-hour sampling of wind speed data is used. the rate of wind power production
appears to be a more scatiered process than it really is. As a result the caleulated energy storape
requirement may be greater than is actually necessary. Figure 5h shows the curves of storage
called upon with time it the wind speed nsed to caleulate the energy input is. durmg cach synoptic

+In practice rehabihiy will depend on time lost due 1o mechanical and electrical falures of
equipment as well as trme lost due to storage exhaustion. but equipment fntures witl not be

considered 1 this study
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three-hour period. the siv-minute average value at the beginming of that pened Fhe peak storage
requircment is up 1o twice that required when the second-by second wind speed measurements
are used.

4. FREQUENCY ANALYSIS OF WIND POWER GENFRATION RALE

Figure 6 shows two probability distribution tunctions tor wind power generation rate
the ARL site. The upper curve is for wind power calculated Trom one-second average values of
wind speed. and the tower curve is Tor wind power calculated from siv-nminute average wind
speeds. A siv-miunute averaging period (which ts simiar to the TO-minute aveage used lor standard
meteorological observations) underestimates the power avinlable to a wind power ssstem by
0"
the very intermittent nature of the wind power generation process, For 300 o the tume the
power available is less than 20W m= but for 107 ol the tme the power exceeds (80 W m-,

at the mean power production rate of 2y TUW m- The fustognoms wlse emphasine

5. RELIABILITY DIAGRAMS AND THE FFFFCT OF USING THREF-HOURLY
SAMPLING OF WIND SPEED DATA

The calculations giving rise to brgures S and 36 are appheable 1o the case where 1t
possible for the system to be exhausted tor small periods of e but i this particular case (for
the 100-day storage capacityy exhaustion did not occur. We will now conaider o Liree number
of wind energy systems with design loads ranging from 01 P10 £, and storages rangmy from
one dayv 1o 100 dayvs. From the wind speed record it s possible to cateulate the fraction of nime
for which the storage of cach ssstem would be discharged Fieures “oand 74 <how the fracnon
of time the system is unserviceable. due to storage exhaustion. for the cases of continuous
sampling ol the data and of three-hourly sampling respectively T or given fevels of rehabiliny
the storage calculated using three-hourly sampled data appears 1o be TS 10 200 tmes what s
actually required. The higher the power demand the greater s the over-estimate ot the storage
requirement.

6. FFFECT OF 24-HOUR SAMPLING

At many stations wind speed measurements are onhy avandable tor ionted times of day.
iIn many cases at Y amoand 3 pms DN Lee (personal communicationy has obsenved that for
many arcas 1 Austraha the annual probabiy distiibution of the wind speed measured at
9.m.as very stmilar to the annual probabidity distribution of wind speed measured at adl hours
of the day. although there v some varation on a seasonal basis 1 the hyvpotheses that 9 am
winds are representatine of dinly average winds s used. then 10 will be necessary o make esti-

Cdata cover onhy

mates of energy storage based on a 24-hour data samphing mtenval Thomson's
a yvear or so, which o ansuthaent dita to relate a 24-hour samphng frequency tooa sevond-by-
second freguency. Instead we hase analysed data for nearby Laverton. covenmy the period 19460
to (978, The data is mcomplete in that during same vears wind speeds were not mcasared at
certain times of dav. T these cases the previous wind speed readinge was assumed to connnue
for the period covered by the missing readig. Figures Seand Nbshow voaphs of storaee called
onif powermputiscaleuluated fora three-hour sampling intersaband toca 23 hour sampling mterval
respectively. In these graphs the top curve shows troncation, imdicatimy exfuiastion of the Joo-
day storage tor stpmhicant penods of e The graphs showiny fraction of e powet s un-
asailable (e 1o rehabihitn) are shown in Frgare Ya tor data sampled thiee howds and
Figure 90 for data sampled onty at 9 amocach das Using 24 houe samphioy the storase tequite:
ment for a given rehability s over-estimated (by comparnson with requirements cabculated from
three-hour samplmygy by 257 v the case ot the Luper stotave capacities and Boap te boes an
the case of the smaller storave capacities




7. VARIATION WITH SEASON AND TIME OF DAY

Wind speeds have a very sirong variation with tme of day - s divnab variation may be
very important in wind power grids which cover a larpe wrea i order to average out wind flue-
tuations. Otherwise it would appear to be unimportant m the estimation of storage capacity
because energy storages are almost always rechoned in capacities of days or weehs rother than
hours. The average dails power production is all we need to know. Howeverof we try o »stimate
this danly production from available meteorological records we meet the problem thao at many
stations the wind speed has only been recorded at selected tmes of day. usually dunng daylight
hours. I we do not use Lee's hypothesis we need tactors which enable us to estimate danly average
wind power production from observations at selected times of dany

Wind speed records have been obtained for a number of stations in Australia (see map in
Fig. 15) The average wind speed. S, and average power production. 2 (Fquation (2.2 have
been computed for cach time of day for which observations have been made There s vgniticant
stochastic variation from vear to year in the mean power generated. so for cach sear the values
corresponding to speatic times of day have been divtded by the overall mean wind speed or
power at Y a.m. cach duy for that year. Then these normalised estimates of wind speed and
power have been averaged for all available years, The varaton of the whole vear average wind
speed and power with tme of day s shown in Figure 100 Clearly the diurnal varation as serny
similar within cach pair of nearby stations  (Melbourne, Taverton) and (Archerfield. Fagle
Farm). The high peak at about 3 pm. or 4 p.m.in the subtropical region where Archerticld
and Eagle Farm are situated correliates with the peak in thunderstorm madence. The seasonal
variation shown m Frgure s less clear, and may be complicated by the fact that the samples

Periods for which Data is Available

Revion ' Stiation Duates Py
: W mH

South Australia - south-cast coast | Robe POS™ 7N 190
Melbourne ‘ ARL Fanuary 77 Mareh 772 1
Melbourne ‘ Melbourne RO IDRRIEN N
Mclbourne ! Laverton [946 7N RN
Brisbane | Archertield (930 49 12
Brisbane ‘ Fagle Furm fuso 7N 42

cover different time periods. The variation between nearby stattons s considerable and any
uniform variation with season is difficult to discern. Perhaps there is o tendeney tor winds pen-
erally to be shehthy hehter i March Apnl and shebtly stronger 0 October Nosvember, and
perpaps in January the winds at the subtropical stations o Archerficld and Pagle Tarm tend
to be refatively stronger than those at the more southerly stations of Melbourne and Laverton
Otherwi ¢ the sariations between even close stations suggest topographival factors such as
funnelling o1 shiclding ot winds that come from preferred ditections at vanouos times ot the yedr,

Fhe seasonal varation i expected power production s highly signithicant because many of
the smaller wind power installations use a storage corresponding t about o week's toa month's
demand. Tt at a4 certiin site the expected power production in Febroary eaavy o aieniicantly
fower than the annual expected power. then destgn may need o be based on the Tower hpure
This may be a very sipmiticant tactor, Fagure 1 shows ot on a searly bases 1 more power s
avatlable at Robe than at Laverton. But ot the fowest monthly power producnion poverns the
design Faverton s better off than Robe

8. VARIATIONS FROM YEAR TO YEAR

Frgure 12 shows the variation in the annual averaye power production e haaed onorhe

9 am owind speed obsenvation  As with rainfall the vear to vear vanabiling s guite Laree in




general the lowest yearly average observed is about halt the median value The only case of nearby

simultancous measurements is that of Laverton and Melbourne  The vear 1o vedar varations
have similarities but not nearly as much as might be expected. This may oc because the Melbourne
anemometer s situated near the central city in a place where nuon il buldimes Bave been
crected over the past few vears, causing a superimposed downwards trend on the graph

9. CONCLUSIONS AND DISCUSSION

Comventional wind speed measurements 4t meteorological stations are only available at
three-hourly intervals, At many stations they are not available even this often Maoreover. the
wind speed averaging time of 10 minutes is much greater than s approprate for 1 wind energs
conversion system. I the sampled data is used to calealate the energy storage requared by g wind
power system the storage will be over-estimated. For the Melbourne region it has been shown
that if three-hourly data s used in caleulations the storage estimated will be about twice what s
actually required tor a given reliability. 11 wind measurements taken dindy (at 9 am v are used
then the estimated storage will be about 2-5 10 40 times what i actually requited bigure 13
gives a pair of graphs which enable the correct storage capacity 1o be estimuited from aileulations
based on three hourly or daily wind speed data. These graphs are applicable 1o the Melbourne

.

region and have been derived from Figures 7 and 9 by pairing storages required for cach given
demand at specitied reliability fevels,

System design curves such as those shown i Figure 9 are only vald for a paricatar site
It is of interest to see how much scatter occurs for different sites. Fraure 1 shows some tamihes
of design curves. and the scatter is quite considerable. although a large part of the scatter can be
logically explained. The curve tor Melbourne Regional Oftice has not been presented because off
the artifictal effect of trend due to nearby building construction. The desien curves for the two
stations with the Tongest records (Fagle Parm and Laverton) are tanhy close together estinuted
storages generally ditfor by a factor of less than 20 This i quite mteresting as the twe stations are
in quite different metcorological arcas. For demands less than P the curves for Robe show much
greater reliability of the wind over short periods. and for Tong periods approach the curves fot
Fagle Farmand Laverton. Robe is sttuated on the exposed south-castern coast of South Australid
ina region of steady westerly winds, and so this greater rebabiliny is o be expected. The curves
for Ar cherfield seem the odd ones. Howevar, only 10 vears” data are avadable for Archertield.
and  or short storage perteds the curves are fairly close to the mam two stations of Taverton
and Fagle Farm. The departures for the long storage pertods are probabiv due 1o the short
record. In 10 vears there are onhy 70 independent periods of S0 davss so fractions of tme (1o

whech power iy unavailable)y around 17, must have a Liree possible crros

An example of the practical use of the design curves s piven i the Appendin
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APPENDINX

A Practical Example

Herrera er af = give several picces of information which we will use below i an assessment
of the storage requirement of a wind power system for a site near the Laverton anemometer
(1) With a high-speed propeller an efticiency of 40
(2) The Davey Dunlite Electrical Company of Adelaide manutactures wind powered
generators. For several of their models the propeller diameter 1s 3:29 m.and this woe

will be used in the example below,
(3 Although the information is not given by Herrera ¢ o/ 2 we will assume that 237 ot

can he achieved.

energy is lost during charging of batteries and another 237 during discharge.
The area of the propeller is 85 m2 Using the Laverton data. 2, 135 W m- and the average
wind power passing through the propeller is 1317 W. With an efliciency of 070326 W will be
comverted into electrical energy. I we assume that all this energy is first stored ' the batteny
and then used later. 259 of the energy will be lost during charging, and 23
giving an average Mailable power of 263 W Using Figure Ya the storage capaciny needed was
determined for demands equal 1o various fractions of the available 263 W and for reliabilin

Cdurie dischiargig,

\

at the 907 and 997 Hevels (see Table A1), Then using Figure 13 these storage capacitios were
reduced to alfow for the sampling interval effect.

The designs shown in Table Al differ from the usual destgn in that rather than tinding the
most economical system to supply a given demand, Table AL s rather arranged o show the
most economical storage demand combination that a given wind generator can supply. Columns
I and 2 st various demands as a fraction of £, (columa 11 or absolutels o wates (columa 2y
The storage requirement that would be calculated using standard three-hour meteorological
data is shown in column 3 and column 4 shows the storage required atter the correction for the
effects of averaging time and sampling interval is applicd. The fast column of the Table shows
the actual size of the storage required in watt-hours for the given demand. [ogically there would
be another part to the Table in which the total cost per watt of demand would be  aleulated
This has not been included because prices of storage and propellers vary frons time 1o time
However. using prices guoted by Herrera or @/ of about 10 ¢ents per watt-hour for storags
and $3000 for a generator and tower. the most cconomical system for 907 reliabihty supplies
a demand of 0-7 Py and has a capital cost of 825 per watte and Tor 997 reliability sapplies o
demand of 0-3 P and costs about $30 per watt.
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PROBABILITY DISTRIBUTION FUNCTIONS FOR WIND POWER, CALCULATED
WITH 1 SECOND AND 6 MINUTE AVERAGING TIMES.
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FIG 9a: RELIABILITY OF WIND POWER SYSTEMS WITH VARIOUS LOADS AND STORAGE
CAPACITIES, CALCULATED USING 3 HOURLY SAMPLES OF LAVERTON WIND
SPEED DATA.
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